ABSTRACT -Poly (L-lactic acid) (PLLA) and thermoplastic starch (TPS) have been largely applied in the biodegradable packaging development in order to reduce residues generated from traditional packaging. Besides these biopolymers gelatin is also an interesting biomaterial for the production of films by extrusion. In this work, blends of PLLA, TPS (glycerol as plasticizer) and different concentrations of gelatin (0, 3 and 5wt% in relation to TPS) were produced in a double twin-screw co-rotating extruder coupled to a roll laminator. Films mechanical properties were determined in texture analyzer and their microstructure by Scanning Electron Microscopy. The formulations without and with 5wt% of gelatin showed smoother surfaces. The intermediate formulations showed porous surface with non-plasticized starch granules. The fracture of all produced films showed voids in the structure. In general, the addition of gelatin at the films leaded to a hardness and tensile strength reduction.
INTRODUCTION
Applications of biopolymers as environmental friendly packaging materials were studied extensively (Heydari at al., 2013) . However, there is an increasing demand for identifying biodegradable packaging materials and finding innovative methods to make plastic degradable. Biodegradation is the process by which carbon-containing chemical compounds are decomposed in the presence of enzymes secreted by living organisms (Mahalik and Nambiar 2010) . Plastics currently used for food packaging such as low-density polyethylene (LDPE) and polypropylene are synthesized from petroleum-based chemicals and they are nondegradable. The wastes of material produced from petroleum-based polymer have brought negative impact not only for human being, but also generate serious environmental problems (Kuchaiyaphum et al., 2013) .
Among the biodegradable material studied until now in the literature, poly(L-lactic acid) (PLLA) has received increasing attention due to their natural biodegradability which made it interesting for biomedical, pharmaceutical, and food applications (Siracusa et al., 2012) . PLLA is safe and generally recognized as safe for its use in contact with food, approved from the Food and Drug Administration (Conn et al., 1994) .
Another versatile biomaterial is gelatin, obtained from collagen by the controlled hydrolysis of the fibrous insoluble collagen present in the bones and skin generated as waste during animal slaughtering and fish processing (Ahmad et al., 2012) . In general, protein films are effective lipid, oxygen, and aroma barriers at low relative humidity (Bai et al., 2013) .
One of the most investigated biopolymers is starch, owing to its wide availability, good biodegradability as well as low cost (Heydari et al., 2013) . Native starch is one of the most naturally abundant biopolymers. The starch granule is essentially composed of two main polysaccharides, amylose and amylopectin, and some minor components such as lipids and proteins. However, several authors have pointed out that, despite their ease of preparation, starch-based films present some drawbacks, such as their poor mechanical properties which make the addition of plasticizing compounds necessary (Peressini et al. 2003; Bravin et al., 2006) . Starch granules can be gelatinized in the presence of a plasticizer (thermoplastic starch, TPS) and heat during wich the crystalline structure is disrupted. This allows the starch to flow at high temperatures allowing it to be processed by conventional equipment (eg. Extrusion) (Taghizadeh et al., 2013) . The most used technique today for the production of bioplastics is casting; however, one of the problems with films produced by this technique is the limitation on the quantity produced (Fakhouri et al., 2013) . Extrusion is the most used technique for large-scale production of polymeric packaging. Thus, the research on extrusion processing of biopolymers presents relevance for practical application.
Blending starch with other biopolymers can improve its poor mechanical properties (Bonilla et al., 2013) . The development of blends composed by starch and gelatin has attracted the attention of several research groups (Al-Hassan and Norziah, 2012; Zhang et al 2013; Liu et al., 2014; Fakhoury et al., 2012; Fakhoury et al., 2013) . Arvanitoyannis et al. (1998) concluded that blended films of polysaccharide and protein showed better gas barriers (O2 and CO2) than any of the pure films. Blends composed by PLLA and gelatin have been used to develop electrospun fibers (Chiou et al., 2013; Yang et al., 2010) and films (Zhao et al., 2006) . However, few reports can be found about the production and characterization of blends composed by starch, PLLA and gelatin. An example is the work of Guzman-Sielicka et al., 2013 , that obtained polymer blends composed by poly(lactic acid), starch, calcium carbonate, gelatin and glycerol by thermopressing. The authors submitted the produced materials to degradation testes under marine aquarium conditions and concluded that gelatin was the key-component which contributed and enhanced the fragmentation of polymer films.
The objective of the present work was to produce biodegradable sheets composed by PLLA, TPS and gelatin by extrusion and calendering process and evaluate their mechanical properties and microstructure in function of gelatin amount incorporated.
MATERIALS AND METHODS

Materials
PLA Ingeo 4043D (Natureworks LLC, Cargill, USA), cassava starch (Indemil, Brazil), glycerol (Dinâmica, Brazil) as plasticizing for the starch and gelatin (Dinâmica, P.A., Brazil) were used to produce the extruded blend sheets. Magnesium nitrate (Vetec, Brazil) was used to control the relative humidity during sheets conditioning.
Production of pellets and sheets
The procedure adopted was described by Shirai (2013) and the sheets formulations are presented in Table 1 . In the control formulation (FC) gelatin was not added, and in FG3 and FG5 formulations the gelatin percentage (wt%) is related to TPS mass (starch and glycerol) ranging from 3 to 5 wt%. The proportion between starch and glycerol was maintained in all formulations (33g glycerol/100g starch).
For the sheets production, initially gelatin was allowed to gelatinize in contact with glycerol during 24 hours at room temperature. After that the other blend components were manually mixed and extruded as cylindrical profiles in a co-rotating twin-screw extruder (BGM, D-20 model, Brazil) using the following processing conditions: a screw diameter of 20 mm (L/D = 35), a screw speed of 100 rpm, a feeder speed of 30 rpm, and a temperature profile of 100 / 180 / 180 / 180 / 180°C at the 5 zones. The extruded cylindrical profiles were cooled at room temperature and were pelletized.
The obtained pellets were extruded in the same twin-screw extruder coupled with a calendar (AX-Plásticos, Brazil) for sheets production. The temperature profile was 100 / 170 / 170 / 170 / 175°C, and the screw speed and feed speed were maintained. In the calender, the distance between the rolls was 0.8 mm, and the roll speed was adjusted depending on the formulation to maintain continuous processing. 
Mechanical properties
The tensile strength tests were performed with a texture analyzer (Stable Micro Systems, TA XTplus model, England) based on the American Society for Testing and Material standards (ASTM, 2002) . The samples were previously conditioned at 23 ± 2 ˚C and 53 ± 2% of relative humidity for 48 h. The properties measured were tensile strength (MPa), elongation at break (%), and Young's modulus (MPa).
Scanning electron microscopy (SEM)
The microstructure of the surface and fractured sheets was analyzed with a scanning electron microscope (Philips, XL-30 model, Holland) with electron source of tungsten and detectors of secondary and backscattered electrons. The sheets were immersed in liquid nitrogen and then broken.
The samples were coated with gold using a sputter coater (BALTEC, SCD 005 model, Switzerland). All the samples were examined using an accelerating voltage of 10 kV.
Statistical analysis
The mechanical properties results were evaluated using analysis of variance (ANOVA), and treatment means were compared using Tukey's test at the 5% significance level (p < 0.05) with Statistica 7.0 software (Stat-Soft, Tulsa, OK, USA).
RESULTS AND DISCUSSION
Considering visual aspects, the PLLA/TPS/gelatin extruded sheets were rigid, opaque and yellowish probably due alignment of polymers chain and crystallization induced by extrusion process. Figure 1 shows the SEM micrographs of the PLLA/TPS/gelatin sheets surface and fractures. It is possible to observe the presence of non-gelatinized starch granules at the surface of all sheet formulations and that smoother surfaces were obtained for the formulations without gelatin (FC) and with 5wt% of gelatin. The intermediate formulation (FG3) presented a more irregular and porous aspect. Similar results were observed by Zhang et al. (2013) that produced films of gelatin and starch. The authors observed some protrusions on the surfaces of the films and that the density of these protrusions increased with increasing starch content. As the films were produced by casting technique it is suggested that gelatin and starch are two phases, and that the shrinking ratios of gelatin and starch are different during drying. In the case of the present work the shrinking ratio of gelatin and starch after extrusion could be different during the chilling step. Guzman-Sielicka et al. (2013) produced blends of PLLA, gelatin and starch by thermopressing and observed an increase in the porosity with the increase in the concentration of gelatin. Probably the same effect was not observed at Figure 1 because at this study the amount of gelatin applied in the formulations (up to 2.5 wt% related to the total formulation) was lower than by Guzman-Sielicka et al. (2013) (from 10 to 40wt% related to the total formulation). The mechanical properties results in terms of tensile strength, Young´s modulus and elongation at break are presented in Table 2 . The gradual addition of gelatin in PLLA/TPS sheets significantly affected the mechanical properties. A decrease of about 30% was observed in tensile strength, Young´s modulus and elongation of break and this fact can be explained due to the incompatibility between the components of the blend. The mechanical properties of the sheets are directly linked to interfacial adhesion between the polymers of the blend. When the polymers are mixed, it is interesting that the dispersion and the distribution of the particles occur, forming a single polymeric phase. Poor dispersal could result in the formation of clusters from the entanglement of the polymer chains, which reduces the transmission of tension (Bradelero et al., 2011) . In the SEM images observed before, the presence voids and non-gelatinized starch granules difficult the load transfer under stress explaining the results obtained. The averages followed by the same letters in the same column do not exhibit differences at the 5% significance level according to Tukey's test.
Films made from blends of cassava starch and gelatin by casting technique presented increased tensile strength as gelatin was added, due their reinforcement properties to the polymeric matrix (Fakhoury et al., 2012; Fakhoury et al., 2013) . In our study similar results were not observed, because of the presence of hydrophobic polymer like PLLA and their incompatibility between starch and gelatin as related in other studies (Shirai, 2013; Zhao et al., 2006) . Although starch and gelatin are hydrophilic and compatible, they are immiscible and presented as two phases (Liu et al., 2014) .
Several reports describes the production of PLLA/gelatin blend and TPS/gelatin blends by casting methods (Fakhoury et al., 2012; Fakhoury et al., 2013; Liu et al., 2014) . The main problem with films produced by this technique is the limitation on the quantity produced, and the use of solvents to disperse the components. Although the gelatin addition affected the sheets mechanical properties, it was possible to produce them by extrusion and calendering process at pilot scale and could be an alternative to offer biodegradable packaging for low moisture foods in commercial scale.
CONCLUSIONS
The extrusion and calendering process were feasible way to produce PLLA/TPS/gelatin blended sheets with interesting functional properties. The incorporation of gelatin in PLLA/TPS blends affected significantly the mechanical properties by rigidity reduction, and SEM images revealed the incompatibility between PLLA, starch and gelatin.
